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Glucose-6-phosphate dehydrogenase (G6PDH) is the key enzyme of the oxidative pentose phosphate
pathway supplying reducing power (as NADPH) in non-photosynthesizing cells. We have examined
in detail the redox regulation of the plastidial isoform predominantly present in Arabidopsis green
tissues (AtG6PDH1) and found that its oxidative activation is strictly dependent on plastidial thior-
edoxins (Trxs) that show differential efﬁciencies. Light/dark modulation of AtG6PDH1 was repro-
duced in vitro in a reconstituted ferredoxin/Trx system using f-type Trx allowing to propose a
new function for this Trx isoform co-ordinating both reductive (Calvin cycle) and oxidative pentose
phosphate pathways.
 2009 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction phosphatase [FBPase, 6], while m-type Trx was previously pro-Glucose-6-phosphate dehydrogenase (G6PDH, EC.1.1.149) gen-
erates NADPH by oxidizing glucose-6-phosphate in the ﬁrst step
of the oxidative pentose phosphate pathway (OPPP). In higher
plants, NADPH is mainly produced in plastids where NADP is re-
duced in the light by the photosynthetic electron ﬂow, or gener-
ated by the OPPP in the dark or in non-photosynthetic tissues. In
chloroplasts, G6PDH is known to be inactivated in the light
through reduction by thioredoxins (Trxs) [1,2]. Trxs are thiol-disul-
ﬁde oxidoreductases found in all free living organisms [3].
In plants, many Trx isoforms are found, especially in plastids
where they are subdivided into four types: the f- and m-types, ini-
tially deﬁned by biochemical studies and the x- and y-types more
recently identiﬁed by genomics [4]. In the model plant Arabidopsis
thaliana (Arabidopsis), nine plastidial Trx isoforms are found and
could be functionally distinguished by previous studies [4]. F-type
Trx regulates the activity of all redox-sensitive Calvin cycle en-
zymes, in some cases speciﬁcally as for glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH) [5] and fructose-1,6-bisphosphatechemical Societies. Published by E
t to G.N. and by a FIRB grant
ella Ricerca of Italy.
chnologie des Plantes, UMR
Cedex, France. Fax: +33 (0) 1
u-psud.fr (E. Issakidis-Bour-posed to speciﬁcally regulate chloroplast G6PDH [2]. Based on
these speciﬁc effects, Trx m was proposed as a regulator of catab-
olism, while Trx f would regulate anabolic processes. The x- and y-
type Trxs were recently found to have an antioxidant function as
electron donors for speciﬁc plastidial peroxidases [6,7].
Four genes encoding G6PDH plastidial isoforms were identiﬁed
in Arabidopsis, including a redox-regulated isoform (AtG6PDH1)
that recent biochemical analysis suggested to be the predomi-
nantly expressed isoform in green tissues [8]. Here, the redox reg-
ulation of AtG6PDH1 was examined in detail by comparing the
efﬁciencies of the different plastidial Trx isoforms. As previously
observed for potato chloroplast G6PDH [2], m-type Trxs efﬁciently
regulate the activity of AtG6PDH1 but, quite unexpectedly, Trx f
was very efﬁcient too. Physiological relevance of this ﬁnding was
tested in an in vitro reconstituted ferredoxin/Trx system [9] where
light driven Trx f-dependent AtG6PDH1 inactivation and reversible
activation in the dark could be demonstrated. It is concluded that
Trx f can efﬁciently modulate both anabolic and catabolic metabo-
lisms in chloroplasts.
2. Materials and methods
2.1. Production and puriﬁcation of recombinant proteins
Expression and puriﬁcation of Arabidopsis recombinant plastid-
ial Trx f1, m1, m3, m4, x, and y1 were performed as described pre-
viously [6,7], recombinant Arabidopsis GAPDH (B4), glutaredoxinslsevier B.V. All rights reserved.
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site) were prepared by already published procedures [10–12]. Re-
combinant Arabidopsis G6PDH1 (AtG6PDH1) was produced in
Escherichia coli using the DH5a strain and the pASK-G6PDH1 plas-
mid [8]. Expression of mature AtG6PDH1 was induced for 16 h at
28 C by addition of 2 mg ml1 anhydrotetracyclin to exponentially
growing cells. The recombinant protein was puriﬁed by afﬁnity
chromatography using a streptavidin column (HITrap streptavidin
HP, GE Healthcare) and competitive elution with 2.5 mM desthio-
biotin. Production yields were about 6–7 mg L1 cell culture. The
recombinant protein (ca. 63 kDa) was puriﬁed to homogeneity, as
conﬁrmed by SDS–PAGE and Coomassie blue staining. Dialyzed
concentrated preparations (ca. 15 mg/ml), were stable in 100 mM
Tris–HCl, pH 7.9 for several months when kept at 20 C.
2.2. Enzyme assays
G6PDH activity was measured in the presence of 2 mM glucose-
6-phosphate and 200 lM NADP in 100 mM Tris–HCl, pH 7.9 by
following, at 30 C, the appearance of NADPH at 340 nm using a
spectrophotometer (Beckman DU 7400). GAPDH activity assay
was performed as described previously [10].
2.3. Pre-reduced or oxidized protein preparations
To obtain fully oxidized or reduced preparations, AtG6PDH1
was treated with 20 mM dithiothreitol (DTTred) or 5 mM diamide
for 40 and 5 min, respectively, in 100 mM Tris–HCl, pH 7.9 then de-
salted using NAP-5 columns (SephadexTM G-25 columns, GE
Healthcare). Oxidized GAPDH was prepared as previously de-
scribed [10].
2.4. Redox treatments
Six puriﬁed recombinant Trxs from Arabidopsis (Trx f1, m1, m3,
m4, y1 and x) were tested in vitro for their capacity to catalyze
disulﬁde bond oxidation/reduction in reduced/oxidized AtG6PDH1.
The target was incubated in the presence of either 10 mM trans-
4,5-dihydroxy-1,2-dithiane (DTTox) alone or supplemented with
10 lM Trx in oxidation tests or 1 mM dithiothreitol (DTTred) alone
or supplemented with 1 lM Trx in reduction tests. G6PDH activity
was measured on aliquots as a function of time of incubation. All
experiments were repeated at least three times.
For other redox treatments, pre-oxidized AtG6PDH1 was incu-
bated (10 min) either with 5 mM GSH, or with 2 lM NTRC
(NADP-Trx reductase) plus 0.2 mM NADPH. Glutaredoxin (Grx)
was also tested by incubating (10 min) the oxidized enzyme in
the presence of various recombinant plastidial isoforms (10 lM)
from Arabidopsis (Grxs S14 and S16) or poplar (Grxs S12) with
1 mM DTTred as electron donor [11,12]. Pre-reduced AtG6PDH1
was incubated (10 min) with 1 mM GSSG or 1 mM GSH plus
100 lM H2O2 or with a range of H2O2 concentrations from 1 to
100 lM.
All redox treatments were done at room temperature in
100 mM Tris–HCl at pH 7.9 (reduction) or pH 6.9 (oxidation) to mi-
mic the physiological pH of the chloroplast in the light or in the
dark, respectively.
2.5. Determination of Trxs half-saturation concentrations for G6PDH
In order to conﬁrm Trx speciﬁcities, half-saturation concentra-
tions were determined by incubating (2 min) pre-reduced or pre-
oxidized AtG6PDH1 (3 lM) with various concentration of Trxs
using DTTred (1 mM) or DTTox (10 mM) as electron donor or ﬁnal
electron acceptor. All experiments were repeated at least three
times.2.6. Structural analysis
Transit peptide sequence prediction of AtG6PDH1 (Q43727)
was made using the ChloroP program (http://www.cbs.dtu.dk/ser-
vices/ChloroP/). Mature sequence was then submitted to SWISS-
MODEL Workspace (http://swissmodel.expasy.org/workspace/) to
generate 3-D modelling from the known structure of a human var-
iant G6PDH isoform (2BH9).
2.7. Midpoint redox potential
Oxidation–reduction titrations were carried out by measuring
G6PDH activity to monitor the redox state of the regulatory disul-
ﬁde in the presence of mixtures of oxidized and reduced DTT to
poise the ambient-redox potential. AtG6PDH1 (10 lM) in its initial
redox state was incubated at 25 C in 100 mM Tricine–NaOH, pH
7.9, with a total concentration of 20 mM DTT for 3 h. Experiments
were repeated three times. The data ﬁt the Nernst equation for a
single two-electron process (n = 2). To check the independence of
the redox equilibration towards time and DTT concentration, an
additional Em was determined by adding 3.5 lM of recombinant
Arabidopsis Trx m4 to speed up the redox equilibration.
2.8. Ferredoxin/thioredoxin light system
The light/dark regulation of AtG6PDH1 by plastidial Trx was
investigated in a ferredoxin (Fd)/Trx light reconstituted system
using freshly prepared thylakoids from pea obtained as described
previously [13]. Pre-oxidized AtG6PDH1 or GAPDH (B4) was incu-
bated at 25 C with an equivalent of 10–20 lg chlorophyll of thy-
lakoids, 5 lM Fd from Chlamydomonas [14], 1 lM Synechocystis
sp. Pcc 7803 Fd-Trx reductase (FTR) [15] and 5 lM Trx f1 or m4 un-
der a 100 lE m2 s1 light intensity.3. Results and discussion
3.1. Redox modulation of recombinant protein activity
The recombinant AtG6PDH1 previously obtained from E. coli
was strongly inactivated upon incubation with a chemical reduc-
tant [8] suggesting a redox regulation of its activity like previously
found for pea and potato chloroplast isoforms [1,2]. In our hands,
puriﬁed AtG6PDH1 displayed a speciﬁc activity of 20.3 ± 0.21 U/
mg. It was increased to 139.5 ± 10.9 U/mg (100% activity) upon oxi-
dation by diamide and decreased to 11.23 ± 0.66 U/mg (8% activity)
upon reduction by reduced DTT (DTTred). The effects of these
treatments were fully reversed by reduced or oxidized Trx,
respectively.
3.2. Trx f regulates AtG6PDH1 activity as efﬁciently as m-type Trxs
Previous work with crude G6PDH preparations and heterolo-
gous Trx proteins suggested that chloroplast G6PDH is strictly
regulated by m-type Trxs, Trx f from spinach being unable to
catalyse the reductive inactivation of the recombinant potato en-
zyme [2]. To further investigate Trx speciﬁcity, we tested the
ability of six Arabidopsis Trx isoforms representative of the four
previously characterized plastidial types [4] to redox regulate
AtG6PDH1 activity in vitro. Trx m2, f2 and y2 isoforms were
not tested because we assumed that their reactivity is equivalent
to that found with Trx m1, f1 and y1, respectively. The corre-
sponding genes result from recent duplication events [16] yield-
ing Trxs sharing ca. 90% sequence identity at the amino acid
level and that could never be functionally distinguished in our
previous biochemical tests [6,7,11].
Table 1
Half-saturation concentrations of plastidial Trxs for G6PDH inhibition or activation.
Determinations were done at a constant concentration of AtG6PDH1 (3 lM)
incubated with a range of Arabidopsis (At) plastidial Trx concentrations (from 1 to
600 lM) with 1 mM DTTred or 10 mM DTTox as electron donor or ﬁnal electron
acceptor, respectively.
At Trxs S0.5 inhibition (lM) S0.5 activation (lM)
Trx m1 0.64 ± 0.03 1.48 ± 0.16
Trx m3 1.58 ± 0.01 4.3 ± 0.61
Trx m4 0.75 ± 0.03 1.1 ± 0.11
Trx f1 0.61 ± 0.06 2.67 ± 0.19
Trx y1 7.27 ± 0.38 2.87 ± 0.06
Trx x 10.53 ± 0.15 29.25 ± 2.17
Fig. 2. 3-D modelling of AtG6PDH1 structure. Modelling was made using the Swiss-
Model workspace (http://swissmodel.expasy.org/workspace/) based on the known
structure of a human variant G6PDH isoform (2BH9) presenting 47% identity with
AtG6PDH1 (mature form). The Swiss-prot PDB viewer program (available at: http://
expasy.org/spdbv/) allowed the coloration of cysteine residues according to their
accessibility from dark blue (less accessible) to bright green (more accessible).
Structured parts of the protein appear in grey while unstructured regions are
coloured in yellow. The NADP binding domain is shown in violet and the G6PDH
consensus active site sequence (DHYLGKE) is in red. The 2 conserved Cys residues
involved in the redox regulation of plastidial G6PDH isoforms are numbered. They
are located at a surface-exposed unstructured loop close to the active site and
cofactor binding domain.
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chemical reductant (DTTred) or oxidant (DTTox) revealed that Trx
isoforms differentially regulate this target, as shown by kinetics
presented in Fig. 1. Most notably, Trx f1 appeared to regulate
AtG6PDH1 activity as efﬁciently as Trx m1 or m4 leading to nearly
full inhibition or activation within few min when tested at micro-
molar concentrations. By contrast, Trx x was a very poor regulator
of G6PDH activity. Trx y1 was also inefﬁcient as inhibitor but it
showed high efﬁciency in activation. Noteworthy, AtG6PDH1 is
the ﬁrst target enzyme being signiﬁcantly regulated in vitro by
Trx m3 bringing a functional conﬁrmation of its oxidoreductase
capacity previously assumed on the basis of thermodynamics and
structural modelling [6]. Half-saturation concentrations were
determined for all Trx tested conﬁrming their differential capaci-
ties to regulate AtG6APDH1 (Table 1).
3.3. Activity is strictly regulated by Trxs
Previous studies showed an effect of high concentrations of re-
duced or oxidized glutathione (GSH or GSSG) on plastidial G6PDH
activity [17]. We tested the effect of physiological concentrations
(1–5 mM) of GSH and GSSG on AtG6PDH1 activity and could not
evidence any signiﬁcant regulation, even after prolonged incuba-
tion times (not shown). We also tested plastidial Grx isoforms from
Arabidopsis and poplar that showed a very poor ability to modulate
AtG6PDH1 activity (data not shown). Finally, the plastidial NTRC
[18] also proved to be inefﬁcient in regulating G6PDH (data not
shown). The possibility of a direct activation of AtG6PDH1 by reac-
tive oxygen species (ROS) was also questioned. When reduced
AtG6PDH1 was incubated in the presence of hydrogen peroxide,
no modulation of its activity was observed even at a concentration
as high as 100 lM, likely corresponding to drastic oxidative stress
conditions [19]. Overall, our data indicate that the redox regulation
of AtG6PDH1 is strictly Trx-dependent and that its activation can-
not occur under oxidative conditions without Trx.
3.4. Cysteine residues involved in the redox regulation of G6PDH are
surface accessible
Previous studies on the potato chloroplastic isoform of G6PDH
have shown that its redox regulation involves two conserved Cys
residues [2]. Potato P1 and Arabidopsis G6PDH1 proteins share
78% identity. Their sequence alignment [8] identiﬁes two regula-
tory cysteines at positions 99 and 107 in the Arabidopsis isoform.
3-D modelling reveals that Cys99 and Cys107 are positioned in
an unstructured, most probably ﬂexible, loop located near the ac-
tive site and the cofactor binding domain (Fig. 2). They are pre-
dicted to be surface exposed and therefore easily accessible toFig. 1. Differential regulation of AtG6PDH1 by plastidial Trxs. m-type Trxs: m1(d), m3(
10 mM DTTox for activation (oxidation) kinetics and (B) at 1 lM in the presence of 1 mMTrx. Flexibility of the loop does not allow a precise measuring of
the distance between these cysteines.
However, a ca. 18 Å distance could be roughly estimated, which
is not compatible with a spontaneous disulﬁde bond formation,
suggesting that a Trx-linked conformational change is required) and m4 (s); Trx f1(D); Trx y1(.) and Trx x (j). Trxs were tested (A) at 10 lM and
DTTred for inhibition (reduction) kinetics. DTTox or DTTred alone (+) had no effect.
2830 G. Née et al. / FEBS Letters 583 (2009) 2827–2832for this purpose. A similar role was previously proposed for Trx in
the regulation of CF1 c-subunit of ATPase [20].
3.5. Redox potential of AtG6PDH1 partly explains Trx speciﬁcities
The redox midpoint potential (Em) of AtG6PDH1 was deter-
mined by measuring the activity of G6PDH equilibrated with dif-
ferent DTT redox buffers. Titration gave an excellent ﬁt to the
Nernst equation for a two-electron redox couple corresponding
to a single regulatory disulﬁde (Fig. 3). At pH 7.9, an Em value of
329.9 ± 1.2 mV was found. Hence, the regulatory disulﬁde of
AtG6PDH1 being less negative than Arabidopsis f- and m-type Trxs
(previously found between 351 and 358 mV) is favourably re-
duced, but less favourably oxidized, by these isoforms [6]. Indeed,
half-saturation concentrations for these thioredoxins are signiﬁ-
cantly lower in reduction than in oxidation. On the other hand, reg-
ulation by Trx y, being isopotential [7] with the regulatory disulﬁde
of AtG6PDH1, would be thermodynamically feasible in both direc-Fig. 3. Redox titration of chloroplastic AtG6PDH1. The percentage of oxidation was
determined by measuring G6PDH activity (closed circles) after 3 h incubation at
25 C with 20 mM DTT in various dithiol-disulﬁde ratios. Interpolation curve (full
line) was obtained by non-linear regression of the data using a Nernst equation for
2-electrons exchanged (n = 2) and one redox component. For comparison, redox
titrations of B4-GAPDH (Em,7.9 359 mV, [10]), Trx y1 (Em,7.9 336 mV, [7]) and Trx
f1 (Em,7.9 351 mV, [6]) are represented as dotted, dashed and short-dashed
sigmoids, respectively.
Fig. 4. Activity of AtG6PDH1 and GAPDH (B4) in a reconstituted Fd/Trx light system. This system comprises freshly prepared pea thylakoïds and recombinant Fd, FTR and Trx
f1 (see ‘‘materials and methods” for details). (A) Reductive inactivation of AtG6PDH1 (j) and reductive activation of AtGAPDH B4 (d) (from [20]) upon illumination. Control
experiment for G6PDH inactivation was made by omitting FTR and Trx (h). (B) After 5 min of illumination, the G6PDH assay was transferred to the dark, in absence (j), or in
presence of oxidants: 100 lM H2O2 (.) or 10 mM DTTox (D). The maximal (100%) activity of enzymes in the light reconstituted system corresponds to 140 u/mg for G6PDH
and 130 u/mg for GAPDH.
Fig. 5. Coordination of the reductive (Calvin-Benson cycle) and the oxidative
pentose phosphate pathways by f-type Trx. Size and rectangle thickness of Trx-f
dependent targets indicate activity levels of enzymes. In the light (A), reduction of
Trx f allows, on one hand, the activation of the Calvin cycle through the reductive
activation of Trx f-strictly dependent enzymes such as phospho-ribulo kinase (PRK),
GAPDH and fructose-1,6-bis-phosphate phosphatase (FBPase), Sedoheptulose-1,7-
bis-phosphate phosphatase (SBPase) and, on the other hand, the inactivation of the
oxidative pentose phosphate pathway (OPPP) by the reductive inactivation of
G6PDH catalysing the ﬁrst step of this pathway. In the dark, (B), oxidised Trx f slows
down the Calvin cycle through the oxidative inhibition of Trx f-strictly dependent
redox regulated enzymes and, simultaneously, boosts the OPPP through the
oxidative activation of G6PDH. This opposite light-dark modulation of G6PDH and
Calvin cycle enzymes mediated by Trx f allows the coordination of the two cycles
directing the enzymatic steps shared in common by the two cycles (represented as
double targeted lines on the present scheme).
G. Née et al. / FEBS Letters 583 (2009) 2827–2832 2831tions, although inactivation (reduction) was found to be kinetically
restrained (Fig. 1B).
3.6. Light dependent regulation of AtG6PDH1 by Trx f
The ability of Trx f to regulate AtG6PDH1 activity was conﬁrmed
in an in vitro reconstituted Fd/Trx system comprising thylakoids
and recombinant Fd, FTR and Trx f1 (Fig. 4). As expected, upon illu-
mination, a strong and fast reductive inhibition of AtG6PDH1 activ-
ity was observed and was dependent on the presence of all the
components of the Fd/Trx system. Comparable results were ob-
tained when using Trx m4 (not shown). In the same system, GAP-
DH, a well-known Trx f-dependent Calvin cycle enzyme [10], was
light activated with comparable kinetics (Fig. 4A) [21]. G6PDH
activity could be recovered by transferring the mixture from light
to dark, reversibility of inactivation certifying redox modulation
of the enzyme (Fig. 4B). In the dark, reactivation could be enhanced
by the addition of oxidants, such as DTTox and H2O2 at concentra-
tions that did not show any direct effect on the activity of the
enzyme.4. Concluding remarks
In present work we have examined in detail the redox regula-
tion of G6PDH that catalyzes the regulatory step in the OPPP, being
tightly regulated by metabolites (NADPH/NADP+, RuBP: [22]). The
opposite redox regulations of G6PDH and Calvin cycle enzymes
were previously shown on chloroplast preparations [23–25]. Sev-
eral Calvin cycle enzymes, such as GAPDH and FBPase, are known
to be strictly regulated by Trx f [5,6]. The present work shows that
this same Trx is also very efﬁcient in the opposite regulation of
G6PDH. This co-regulation is essential because it directs the revers-
ible enzymatic steps that are common to the reductive and the oxi-
dative pentose phosphate pathways (Fig. 5). In addition to Trx f, the
various Trxs m isoforms are also very efﬁcient in the regulation of
G6PDH activity, including Trx m3. For the last isoform, the present
work constitutes the ﬁrst report of an oxidoreductase activity. To
our knowledge, only a phenotypic effect has been observed on null
mutant plants for this isoform [26]. Considering the recent plastid
proteomic data Trxs f seem to be the most probable regulators of
G6PDH1 in Arabidopsis leaves. Indeed, f1 and f2 AtTrx isoforms
and AtG6PDH1 were among the most abundant stromal proteins
while m-type Trxs (except m3 isoform) were found to be associ-
ated to thylakoid membranes (Plant Proteome Database: http://
ppdb.tc.cornell.edu/) [27].
Trx f speciﬁc enzymes (GAPDH and FBPase) are activated at
much lower redox potentials (ca. 360 mV) than that required
for G6PDH inactivation (330 mV, this work). Thus under normal
light/dark regime, G6PDH activity (hence OPPP) should drop very
rapidly at the onset of illumination, ensuring an efﬁcient temporal
separation of catabolic and anabolic pathways (as illustrated in
Fig. 4A). In the dark, activation of G6PDH needs the speciﬁc action
of oxidized Trx potentiated by ROS (Fig. 4B). Concerning the new
Trx isoforms x and y that were not tested in previous studies, no
activity could be detected for Trx x, but Trx y1 was active essen-
tially for the oxidative activation of G6PDH. As Trx y is also a very
efﬁcient reductant of plastidial peroxidase Q [6], it seems to fulﬁl
an antioxidant function whatever its redox state.Acknowledgments
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